Study of the material composition of raw materials and the thermodynamic analysis of ore sulphidization
This research is aimed at a complex solution of two problems -increasing the efficiency of processing of oxidized copper ores and utilization of sulfur-containing waste from oil and gas processing. By the methods of chemical, mineralogical and granulometric analyzes the composition of the Sayak ore and waste sulfur was examined. It was found that the total copper content in the ore made 2.7 %, 1.8 % of which is represented by oxidized minerals. The main ore minerals are malachite, azurite, brochantite and chrysocolla. A thermodynamic analysis of the interaction of oxidized copper minerals with dissolved elemental sulfur possessing the properties of nanoparticles was carried out. The possibility in principle of copper sulfidization was established. Based on the obtained data on the thermodynamic properties of polysulfide systems, Δ f H 6 , CaS 7 , CaS 8 и CaS 9 were defined. The temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with oxidized copper minerals -malachite, azurite, brochantite and chrysocolla -were defined. The possibility in principle of sulfidization of oxidized copper minerals with dissolved elemental sulfur possessing the properties of nanoparticles was established. It is shown that in the temperature range 298.15-500 K the formation of copper (II) sulfide and sulfur (IV) oxide in the interaction of oxidized copper minerals with elemental nano-sized sulfur is most likely. As the standard Gibbs energy of the sulfidation reaction increases, the minerals can be arranged in a row up to 400 K: azurite; malachite; brochantite; chrysocolla, after 400 K: azurite; brochantite; malachite; chrysocolla. In these rows, the probability of interaction with sulfur decreases.
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The problem of processing oxidized copper ores is urgent in the copper industry of Kazakhstan. It is caused by the lack of cost-effective technology for concentration of this type of raw materials. Relatively cheap flotation methods of concentration, which are traditional in the processing of sulphide raw materials, are ineffective in view of the natural hydrophilicity of oxidized copper minerals. As a result, about 20 % of the total volume of mined copper mineral products that fall to the share of oxidized ores accumulate in the form of dumps and are on the balance sheet of the corresponding enterprises, requiring maintenance costs, which leads to an increase in the cost price of the final product of these enterprises [1] .
The problem of sulfur utilization is caused by the excess of supply over demand in the elemental sulfur market. This is caused by the increase in the production of associated sulfur in the processing of constantly increasing volumes of sulfur-containing oil and gas raw materials and deeper purification from sulfur of the off-gases and flue gases of the coke-chemical, metallurgical and energy industries, which is dictated by the toughening of requirements for environmental protection. Forced storage of non-distributed surplus commodity sulfur, as well as storage of sulfur-containing waste in the form of dumps require large areas of territory and financial costs for maintenance by oil and gas processing enterprises. In addition, these warehouses and dumps are sources of soil and air pollution [2, 3] .
The solution of the problem of oxidized ores concentration is seen in the change in the properties of oxidized minerals towards the hydrophobization of the surface, which would improve the efficiency of the flotation method. One of the methods of solving the problem is chemical modification of minerals by means of sulphidization, as a result of which oxidized minerals are converted to sulphide minerals with the hydrophobic surface. For this transformation nanosized element waste sulfur can be used. In addition to the sulfiding role, nano-sulfur, depositing on the mineral surface, plays an additional hydrophobization role [4] .
To determine the principle possibility of the sulfidation of oxidized copper minerals, a thermodynamic analysis of their interaction with sulfur was carried out.
Chemical composition of Sayak ore
The technological sample of Sayak deposit ore, according to mineralogical composition and genetic characteristics, also falls to the oxidized type of copper ore. The main ore minerals are malachite, azurite and chalcopyrite, the secondary ones are pyrite, magnetite, hematite, iron hydroxides. In the ore, the content of oxidized copper made 66.7 % of its total amount. In terms of copper, the ore is mixed.
Thermodynamic analysis of the interaction of ore components with elemental sulfur
Thermodynamic analysis of the interaction of ore components with elemental sulfur was carried out. When preparing the investigated ores for flotation concentration, their preliminary sulphidization was provided. The main sulphiding chemical is dissolved elemental sulfur, which possesses the properties of nanoparticles. The possibility in principle of interaction of this sulfur with the raw materials oxidized copper minerals is considered in the thermodynamic analysis of possible sulfidization reactions and calculation of the temperature dependence of the standard Gibbs energy of the reaction.
Initial thermodynamic data
The temperature dependences of the standard Gibbs energy of compound formation is calculated according to the equation
on the basis of the data [5] [6] [7] [8] for the reduced Gibbs energy and the standard enthalpy of formation at 0 K (Tables 2, 3) . The required values of the standard enthalpy of formation at 298.15 K [8, 9] for calculating the temperature dependence of the standard Gibbs energy of formation by the equation are given in Table 4 . 6 -2179.9
The values of the standard entropy of the formation of substances calculated using the data [8] are given in Table 5 .
The standard heat capacity of compound formation was calculated using the data [8] . Its values are given in Table 6 . Data on the chrysocolla standard heat capacity are taken from [10] . The standard heat capacity of the formation of azurite, malachite and brochantite was calculated through the standard heat capacity, which was estimated using the Kumok's heat capacity increment system [11, 12] by the formula
T a b l e 5 Standard entropy of formation of substances 6 -21. 4 On the basis of the obtained data, the temperature dependence of the standard Gibbs energy for the formation of all participants in the investigated interactions was calculated by the formulas (1, 2) . The results are given in Table 7 . The temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with oxidized copper minerals -malachite, azurite, brochantite and chrysocolla -were defined.
Thermodynamic analysis of the interaction of sulfur with brochantite
The following four interactions of dissolved sulfur with brochantite were considered: Cu 4 SO 4 (OH) 6 + 4S = 2Cu 2 S + SО 3 + 2SО 2 + 3H 2 О (4) 3Cu 4 SO 4 (OH) 6 + 10S = 6Cu 2 S + 7SО 3 + 9H 2 О (5) Cu 4 SO 4 (OH) 6 + 6S = 4CuS + SО 3 + 2SО 2 + 3H 2 О (6) 3Cu 4 SO 4 (OH) 6 + 16S = 12CuS + 7SО 3 + 9H 2 О (7) The probability of these interactions was judged by the change in the standard Gibbs energy:
(11) Substituting the values of the corresponding quantities from Table 7 to the equations, we obtained the temperature dependence of the standard Gibbs energy of the reactions (4-7). By the formula lgК Р(Т) = -Δ r G 0 T /(2,303RT) (12) the temperature dependence of the reaction equilibrium constant was calculated. The results are given in Table 8 . Based on the data in Table 8 , the temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with brochantite are shown in Figure. -reaction (4); 
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; -reaction (5); -reaction (6); × -reacti mperature dependences of the standard Gibbs energy e reaction of dissolved sulfur with brochantite dependence of the standard Gibbs energy of the re V) oxide is most likely in the interaction of bro increases the probability of this interaction. ) and (7) is also high. Reaction (5) Кроме того, установлены температурные за-висимости стандартной энергии Гиббса реакции растворенной серы с окисленными медными минера-лами -малахитом, азуритом, брошантитом и хризоколлой. Указана принципиальная возможность сульфидизации окисленных медных минералов растворенной элементной серой, обладающей свойст-вами наночастиц. Показано, что в температурном интервале 298,15-500 К при взаимодействии окис-ленных медных минералов с элементной наноразмерной серой наиболее вероятно образование суль-фида меди (II) и оксида серы (IV). По мере возрастания стандартной энергии Гиббса реакции сульфи-дирования минералы можно расположить в ряд до 400 К: азурит, малахит, брошантит, хризоколла, после 400 К: азурит, брошантит, малахит, хризоколла. В данных рядах уменьшается вероятность взаимодействия с серой.
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